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Introduction
Alkaline phosphatases (ALPs) [orthophosphoric-monoester phosphohydrolase (alkaline optimum), EC 3.1.3.1] are cell surface glycoproteins that can hydrolyze a variety of monophosphate esters with high pH optima, and we now know that there are at least four gene loci encoding their protein moieties (McComb et al. 1979) . The L/B/K ALP (liver/ bone/ kidney or "tissue non-specific" alkaline phosphatase: TNSALP) is widespread and shows particularly high activity in mineralizing bone, where it is located mainly in the plasma membrane of osteoblastic cells (Harris 1989) . TNSALP cDNA was reported by Weiss et al. in 1986 . Three other forms of ALP are intestinal ALP (IALP), placental ALP (PALP), and placental-like ALP (PLALP). The TNSALP is located near the end of the short arm of chromosome 1 (p36-p34), while IALP, PALP, and PLALP are closely linked and located near the end of the long arm of chromosome 2 (q34-q37) (Smith et al. 1988; Griffin et al. 1987) .
Recent studies indicate that PALP and PLALP belong to a group of membrane proteins anchored to the plasma membrane by a COOH-terminal glycosyl-phosphatidylinositol (GPI) structure (Amthauer et al. 1992; Coyne et al. 1993; Kodukula et al. 1993) . The structure and biosynthesis of the GPI moiety have been under intensive investigation.
Hypophosphatasia is an inborn error of metabolism characterized by a lack of TSNALP activity. This condition results in defective mineralization of bones and teeth, and, in severe forms of hypophosphatasia, various systemic symptoms also occur. The clinical expression of hypophosphatasia is highly variable, ranging from stillbirth without radiographically apparent mineralized bone to a lack of pathologic fracture development until late in adulthood, but there is a general relationship between the age at onset of symptoms, their severity, and prognosis (Fraser 1957; Currarino et al. 1957) .
In this study, we analyzed the TNSALP gene, using bone marrow stromal fibroblasts cultured from a patient with hypophosphatasia, to reveal its mutations, inheritance, and clinical expression.
Naoya Sugimoto · Sadahiko Iwamoto · Yuichi Hoshino Eiji Kajii
A novel missense mutation of the tissue-nonspecific alkaline phosphatase gene detected in a patient with hypophosphatasia Received: January 20, 1998 / Accepted: April 9, 1998 Abstract Hypophosphatasia is a rare heritable inborn error of metabolism characterized by abnormal bone mineralization associated with a deficiency of alkaline phosphatase. The clinical expression of hypophosphatasia is highly variable, ranging from death in utero to pathologic fractures first presenting in adulthood. We investigated the tissuenonspecific alkaline phosphatase (TNSALP) gene from a Japanese female patient with hypophosphatasia. By a quantitative polymerase chain reaction (PCR) method, the amount of TNSALP mRNA appeared to be almost equal to that in normal individuals. Gene analysis clarified that the hypophosphatasia originated from a missense mutation and a nucleotide deletion. The missense mutation, a C → T transition at position 1041 of cDNA, results in an amino acid change from Leu to Phe at codon 272, which has not yet been reported. The previously reported deletion of T at 1735 causes a frame shift mutation downstream from Leu at codon 503. Family analysis showed that the mutation 1041T and the deletion 1735T had been inherited from the proband's father and mother, respectively. An expression experiment revealed that the mutation 1041T halved the expression of alkaline phosphatase activity. Using homology analysis, the Leu-272 was confirmed to be highly conserved in other mammals.
Materials and methods
Patient's case history
The proband was the second child born of unconsanguineous Japanese parents. Two children in this family were affected by hypophosphatasia. The proband had been diagnosed with hypophosphatasia at age 12 days and underwent a spinal operation for kyphosis at age 12 years. Serum ALP levels (normal range, 89-285 IU/l) were 10 IU/l in the patient, 45 IU/l in her mother, and 89 IU/l in her father. Although her mother had low serum ALP, she showed no symptoms of hypophosphatasia. At age 16 years, the patient was hospitalized because of an episode of severe convwlsions and liver and renal dysfunction. She died of acute hepatic failure on the 12th day after admission. Her brother's hypophosphatasia was detected at age 3 months. At age 14 years, he died of hepatic failure due to an unknown cause.
Cell preparation
Bone stromal fibroblasts from the proband were propagated from bone marrow cells, which were taken at the time of her spinal instrumentation operation after informed consent had been obtained.
Isolation of TNSALP cDNA from bone marrow stromal fibroblasts TNSALP mRNA was isolated from cultured bone marrow stromal fibroblasts using a Total RNA Separator Kit (Clontech Laboratories, Palo Alto, CA, USA), according to the supplier's instructions, and was reverse-transcribed using d(T)16 as a primer. This cDNA was then amplified using a GeneAmp XL PCR Kit (Perkin-Elmer/Roche, Branch burg, NJ, USA), with primers produced on the basis of published sequences. The primer set consisted of primer S (5Ј-TCCAGGGATAAAGCAGGTCT-3Ј: for TNSALP nucleotides positions 146-165) and primer A (5Ј-GGAAGTTGGCATATGTCAAG-3Ј: for TNSALP nucleotides positions 1799-1780) (Weiss et al. 1986 ). After 30 cycles of amplification using these primers, the reaction products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining.
The polymerase chain reaction (PCR) product was inserted into the plasmid vector pCRII (TA cloning system: Invitrogen, San Diego, CA, USA).
DNA sequence analysis
The nucleotide sequence was determined by the dideoxy nucleotide chain termination method with the use of a Sequenase DNA sequencing kit (US Biochemical, Cleveland, OH, USA) and [α- 32 P]deoxy cyticine triphosphate (CTP) (Sanger et al. 1977) . The reaction products were electrophoresed on 6% acrylamide gels containing 8 M urea.
Quantitation of the relative amount of TNSALP mRNA As an internal control, a 723-bp fragment of -actin cDNA was amplified by primer--act S (5Ј-ATCATGTTTGAGACCTTCAA-3Ј) and primer--act A (5Ј-GTCATACTCCTGCTTGCTGA-3Ј), which have been described previously (Sato et al. 1994) . A 437-bp fragment of TNSALP cDNA was amplified by primer qS (5Ј-TCACATTTGGTGGATA-CACC-3Ј) and primer A. As a control, age-and sex-matched mRNA isolated from bone stromal fibroblasts was prepared.
Expression of wild-type and mutant alkaline phosphatase
The wild-type and mutant alkaline phosphatases were digested by EcoRI, and inserted into expression plasmid pCR3-Uni using the Eukaryotic Cloning Kit-Unidirectional (Invitrogen). They were purified using the EndoFree Plasmid Maxi Kit (Qiagen, Chatsworth, CA, USA). NIH/ 3T3 cells [a gift from the Health Science Research Resources Bank (Japan Health Sciences Foundation, Tokyo)], were transfected with circular plasmid DNA using Lipofectamine Reagent (Life Technologies, Gaithersburg, MD, USA). Cellular RNAs were isolated using the Total RNA Separator Kit (Clontech Laboratories) and 15 µg of each RNA was fractionated in a 1% agarose gel with formaldehyde, transferred to Hybond-N membrane (Amersham International plc, Buckinghamshire, UK), and hybridized to [α-32 P]-labeled TNSALP cDNA.
Determination of enzyme activity
Transfected cells were obtained by scraping from a 35-mm culture plate and homogenizing in 1 ml of distilled water. ALP activity was measured by the method of Lowry et al. (1954) , and by a modification of the method of The Committee on Enzymes of the Scandinavian Society for Clinical Chemistry and Clinical Physiology (1974) . A 10-µl aliquot of each cell lysate was added to 100 ml paranitrophenylphosphate solution after pre-heating in the diethanolamine MgCl 2 buffer. The tubes were incubated in a water bath at 37°C for 0, 3, 5, 10, 20, or 30 min. Each reaction was terminated by the addition of 180 µl of 1N NaOH, and the absorbance was measured at 405 nm by a Hitachi U-2000 Spectrophotometer (Hitachi, Hitachinaka, Japan). The ALP activity of each transfected cell was examined microscopically after histochemical staining with Naphthol AS-BI phosphate C 18 H 15 Br NO 6 P (N2125, SIGMA, St. Louis, Missouri, USA) and new-fuchsin (Nanba et al. 1987) .
Results
We examined the TNSALP gene of a patient with hypophosphatasia. The TNSALP cDNA was synthesized from bone marrow stromal fibroblasts, and then a 1654-bp segment was amplified using primers that flanked the entire protein-coding region (open reading frame). By the quantitative PCR method, the relative amount of the patient's TNSALP mRNA after normalization by the internal control appeared to be almost equal to that in normal individuals (data not shown).
The amplified segment was inserted into a plasmid vector, and the coding sequences from two separated clones were compared to that of normal TNSALP. Two point mutations and one deletion were identified. A T → C transition at position 963 (963C) of the cDNA in exon 8 and a C → T transition at position 1041 (1041T) of the cDNA in exon 9 were found in a single clone (Fig. 1a) . A deletion of T at 1735 (1735T) in exon 12 was detected in another clone (Fig. 1b) .
To detect these mutations in the affected pedigree, we amplified the corresponding regions of genomic DNA from the proband's parents and then performed restriction fragment length polymorphism (RFLP) analysis. For PCR-RFLP analysis of exons 9 and 12, we isolated intron 8, using the GeneAmp XL PCR Kit, and prepared primer SS (5Ј-GGGGAGCCTGCATTCCCTGA-3Ј), primer Ex-9A (5Ј-CACCAGCAAGAA-GCCTT-3Ј), primer Ex-12S (5Ј-CTCACAACAACTACCAGGCG-3Ј), and primer A. The mutation 1041T destroyed an Alw26I site, while the deletion 1735T was expected to introduce a new AvaI site. The results of PCR-RFLP indicated that the proband had a compound heterozygote and had inherited the mutation 1041T from her father and the deletion 1735T from her mother (Fig. 2, RFLP data not shown) . With regard to the mutation 1041T, 100 unrelated healthy Japanese individuals were investigated with PCR-RFLP and the mutation in question was not found.
To verify that the mutation 1041T was responsible for the deficient activity of TNSALP observed in the proband, we purified mutation 1041T cDNA and tested its ability to express ALP activity. NIH/3T3 cells transfected with the wild-type cDNA plasmid expressed ALP activity. In contrast, cells transfected with the mutant plasmid expressed half the level of ALP activity (Fig. 3) . We obtained similar results by microscopic examination. 
Discussion
To date, in American, Canadian, and Japanese kindreds, 14 missense mutations and 1 frameshift mutation have been identified in the TNSALP gene (Fedde et al. 1996; Greenberg et al. 1993; Henthorn et al. 1992; Orimo et al. 1994; Ozono et al. 1996; Weiss et al. 1988) .
In this study, we identified two missense mutations, 1041T and 963C, and a frameshift mutation (deletion 1735T) in the TNSALP gene of a Japanese female patient with hypophosphatasia. This is the first report of mutation 1041T, while mutation 963C has already been confirmed as a polymorphism (Henthorn et al. 1992) . Mutation 1041T results in an amino acid change from Leu to Phe at codon 272 and destroys the Alw26I site. PCR-RFLP analysis of the parents' genomic DNA revealed the mutation in the patient's father. This missense mutation was shown by transfection analysis to reduce the activity of ALP by 50%. These data were compatible with that of the father's serum ALP activity.
To further analyze this mutation, we compared it with the other ALP protein sequences available: those of Eschericia coli (Chang et al. 1986) , Escherichia fergusoni, Serratia marcescens (DuBose and Hartl 1990) , Drosophila melanogaster (Gene Bank data), Silk moth (Itoh et al. 1991) , Gallus gallus (Crawford et al. 1995) , mouse (Manes et al. 1990 ), rat (Misumi et al. 1988) , bovine , PALP (Millan 1986) , and IALP (Berger et al. 1987 ).
The residue substitution by the novel mutation, Leu-272, was found not to be conserved in E. coli, E. fergusoni, or S. marcescens, by pairwise comparison using homology analysis. The residue is situated far from a group of metal ligand sites and from the catalytically important site, which was predicted from three-dimensional structure data of E. coli ALP (Sowadski et al. 1985) . However, the residues surrounding Leu-272 are highly conserved in D. melanogaster to mammals (data not shown). These data suggest that the fragments of ambient Leu-272 constitute a significant domain and that the residue Leu-272 may play an important role in ALP activity.
The 1735T deletion mutation was identical to that reported by Orimo et al. (1994) . Our PCR-RFLP analysis of the parents' genomic DNA revealed this mutation in the patient's mother. The deletion 1735T causes a frameshift mutation downstream from the Leu at codon 503 and results in an incorrect translation of polypeptide owing to the frameshift, yielding a molecule that is about 80 amino acids longer than regular ALP. The ALP with this long amino acid chain influences the hydrophobic domain of the carboxyl-terminal sequence. Therefore, COOH-terminal processing seems to be affected by this mutation, because it requires a short hydrophobic peptide at the carboxy-terminal and specific amino acids for correct processing (Kodukula et al. 1993) . In the present study, a transfection analysis of this mutation was not performed. However, it seemed that serum ALP was more affected by the 1735T deletion than by the 1041C mutation, based on the mother's biochemical findings and on the detection of a lethal form of hypophosphatasia.
To our knowledge, there have been no reports on liver dysfunction in hypophosphatasia, although alkaline phosphatase is known to be a liver enzyme. In this pedigree, the proband and her brother died of hepatic failure at 16 years and 14 years of age, respectively. The details of these hepatic failures, however, remain unknown, since no pathology or biochemical examinations were perfomed on these patients. The biological function of ALP is little known despite the more than four decades of research on this protein. The only possible exception to this dearth of knowledge is in the area of hypophosphatasia.
In conclusion, we found a novel missense mutation in the TNSALP gene, which causes hypophosphatasia. Examination of its expression revealed that the mutation halved the level of ALP activity. Fig. 3 Expression of the wild-type (squares) and mutant (circles) TNSALP cDNA. The mutant cDNA contains the T → C and C → T transitions at cDNA position 963 and 1041. For mock transfection (dots), no cDNA was used. ALP activity was measured by the method of Lowry et al. (1954) , using a modification of the Committee on Enzyme of the Scandinavian Society for Clinical Chemistry and Clinical Physiology (1974) . Cells transfected with the mutant plasmid expressed half the ALP activity expressed by the wild-type cDNA plasmid. Bars show SEM
